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ABSTRACT 
 
Fumonisins are a class of mycotoxins that are of interest due to their occurrence in 
feed and food grains at concentrations which may be adverse to the health of humans and 
animals. The presence and mitigation of fumonisin has been a topic of widespread study, but 
the meta-effect of Bt maize as a method of mitigation has not been fully established in terms 
of the probable incidence and magnitude of mitigation achieved regionally over time.  
A systematic review of agronomic data and subsequent meta-analysis were used to 
develop a more complete understanding of fumonisin B1 (FB1) levels regionally over several 
years as a means of quantifying the value of Bt maize adoption for reducing fumonisin 
concentrations in grain and derived foods and feeds. The magnitude and significance of the 
observed meta-effects were estimated for sets of meta-data representing varied degrees of 
statistical integrity. Variance weighted data indicated a 14% decrease in FB1 concentrations 
in Bt maize, whereas a replication weighted approach for the same data indicated a 67% 
decrease. While all analyses showed the positive effect of Bt maize to reduce FB1 
concentrations in grain relative to comparable non-Bt maize, the effect size for variance-
weighted data was smaller than for the less statistically robust data sets.  
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CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW 
 
Introduction 
Mycotoxins are toxic fungal secondary metabolites that may occur as food 
contaminants at concerning concentrations [1, 2]. Fumonisins are a class of mycotoxins that 
have been of interest due to their occurrence in feed and food grains at concentrations 
significant to the health of humans and animals [3, 4]. The presence and mitigation of 
fumonisin has been a topic of widespread study. The prevalence of fumonisin occurrence in 
maize has received particular attention due to the importance of maize in the global food and 
feed supply [5]. The planting of insect resistant Bt maize has been found to mitigate 
fumonisin concentrations in food and feed supplies [3]. Even though this topic has been well-
described in the literature [6, 7, 8, 9], the meta-effect of Bt maize to mitigate against 
fumonisin occurrence in foods and feeds has not been established in terms of its regional and 
seasonal magnitude and likelihood. In this thesis, a systematic review of field studies and 
subsequent meta-analysis are used to develop a more complete understanding of fumonisin 
B1 (FB1) levels regionally over several years as a means of quantifying the value of Bt maize 
adoption for reducing fumonisin concentrations in grain and derived foods and feeds. This 
chapter provides a general introduction to the occurrence, toxicity, and mitigation of FB1 and 
introduces systematic review and meta-analysis for agronomic data. 
Fusarium verticillioides and Fusarium proliferatum are the primary producers of the 
mycotoxin fumonisin [10], although other organisms have been implicated [11]. Overall, 
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there are four main categories of fumonisins (A, B, C, and P). Within these categories, 
scientists have been able to distinguish twenty-eight different fumonisins, but most are not of 
interest due to their lack of toxicity and low prevalence in nature [12]. The B forms of 
fumonisin (FB) are specifically of interest because of their toxicity and their occurrence as 
about 95% of all fumonisins found in nature [12]. As referenced previously, there are several 
forms of fumonisin B (FB1, FB2, FB3, etc.), but fumonisin B1 (FB1) is the prevalent and 
most toxic form of fumonisin, and under certain conditions of Fusarium infestation of grain 
make up between 70 and 80 percent of the FB forms present. The FB2 form accounts for 
approximately 15 to 25 percent of FB in maize or rice, while FB3 is the least common form 
of the FBs and makes up only 3 to 8 percent [12]. Typically, all three of these prevailing 
forms (FB1+FB2+FB3) are reported in scientific papers either separately or collectively, but 
because FB1 is the most common and most toxic it is typically the fumonisin form of 
interest. Fumonisin B1 may occur in maize grain at concentrations sufficient to have 
hazardous health effects for important livestock and humans [3, 4]. 
Fumonisin B occurrence 
 Maize is the most common natural source of FB1 [10], but FB1 has also been 
detected in rice, sorghum, wheat, and beans [13]. As reviewed by Diaz-Gomez and 
coworkers [8], a typical way for livestock or humans to be exposed to FB1 is by consuming 
maize.  
There are several abiotic and biotic factors that may influence fumonisin levels. First, 
for the crop in the field, factors such as plant damage due to pest infestation, rainfall, 
temperature, humidity, plant genotype, planting date, location and field conditions can affect 
the presence of mycotoxins like fumonisin. Second, after the crop is harvested, storage 
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conditions such as high humidity or additional pest exposure, can cause an increase of 
mycotoxins in the grain [8, 14]. Special emphasis is given here to fumonisin B, and 
especially FB1, as the most prevalent and toxic form occurring in maize grain. 
Fumonisin B toxicity 
In several species, FB1 is identified as a cancer initiator, but it does not actually 
damage DNA [15]. Norred et al. [15], used unscheduled DNA synthesis with rat hepatocytes 
to determine that FB1 is not genotoxic. Rather, FB1 effects are associated with cytotoxicity. 
As reviewed by Raiola et al. [16], in livestock the main organs that fumonisin effects are the 
liver and the kidneys, and there have been some studies proposing intestinal impacts of 
fumonisin.  Following, is a synopsis of key toxicological studies with FB. 
 In humans, fumonisin B is thought to cause a variety of chronic and acute health 
issues, and is associated with esophageal and liver cancer as well as with neural tube defects 
[17]. Epidemiological studies have targeted regions and populations where high incidence of 
FB1 in maize was suspected as a health risk factor. Epidemiological evidence from 
monitoring conducted from 1979 to 1989 in the Transkei region of southern Africa, where 
maize is an important local dietary component, found greater prevalence of esophageal 
cancer associated with higher concentrations of FB1 and FB2 in maize. [18].  A similar study 
conducted in China between 2001 and 2002 found a possible relationship between high 
occurrence of FB1 in home grown maize and esophageal and liver cancer [17]. Additionally, 
an epidemiologic study for a population along the Texas-Mexico border was conducted to 
determine if fumonisin B exposure played a role in neural tube defects when the mother 
consumed fumonisin B-contaminated food products [19]. In this particular study, the 
population of interest consumed a large quantity of maize-based products such as tortillas 
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(average of 2 tortillas per day) and researchers found increased fumonisin B exposure was 
associated with an increased chance of neural tube defects up to a threshold dose where fetal 
death is more likely to occur.  
Acute toxicity of fumonisin was shown by C. McKean et al. [20] with human HepG2 
cells where acute cytotoxicity showed a threshold of 100 µM. As reviewed by Raiola et al. 
[16], the common toxic effects of acute toxicity of fumonisin B in livestock are related to 
liver and the kidney damage, and possible intestinal impacts.  Kellerman et al. [21], however, 
demonstrated that when horses are exposed to fumonisin B orally at high levels they can 
experience equine leukoencephalomalacia, which effects the cerebrum, causing symptoms 
such as tremoring, being unbalanced, and eventually cessation of eating and drinking. 
Furthermore, horses can also experience cardiovascular effects from fumonisin B exposure, 
which may contribute to leukoencephalomalacia development [22].  
As reviewed by Haschek et al. [23], fumonisin B can cause pulmonary edema in 
swine, which eventually results in death. At concentrations between 16-92 mg/kg body 
weight/day with exposure durations of 4 to 7 days, pulmonary edema was lethal [23, 24, 25]. 
The major causes of pulmonary edema are left ventricular heart failure, which causes 
increased hydrostatic pressure in the pulmonary capillaries and elevated vascular 
permeability and which can result from damage to the epithelium in alveoli or the 
endothelium in alveolar capillaries [26, 23]. Symptoms that the swine experience that are 
associated with pulmonary edema are increased breathing, decreased heart rate, decreased 
activity, and sometimes vomiting [23].  
In addition to pulmonary edema, fumonisin B may affect the liver in swine [27]. 
Histological examination following fumonisin B exposure at 20 mg FB1 per kg body weight 
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per day divided into two doses, showed hepatic damage as early as two days following initial 
exposure; liver cell swelling and an increase it mitosis were observed and by 3 to 4 days 
following initial exposure, liver cell death was observed [27]. 
Bracarense et al. [28], found that fumonisin B causes histological changes in the 
intestine observed as lesion development in the ilium and the jejunum. Also, in the jejunum 
they observed an increase in eosinophils and plasma cells when the piglets were fed a diet 
that contained 5-9 mg FB per kg. They estimated that the piglets were exposed to 130 µg FB/ 
kg body weight per day. Swine are commonly exposed to more than one type of mycotoxin 
at a time in addition to other stressors, so association of intestinal damage exclusively with 
fumonisin toxicity is problematic. This study, however, shows that fumonisin-induced 
functional damage to the intestinal membrane barrier, may leave piglets subject to infection. 
In addition to these acute effects, long-term low-level exposures to fumonisin B can 
also be observed as chronic effects such as reduced animal weights and increased lung 
weights. Both may decrease the animal’s health and productivity [29, 30]. 
Fumonisin B suspected mode of action 
 Fumonisin B toxicity is associated with the specific disruption of the sphingosine 
(So) recycling process by inhibiting the enzyme ceramide synthase. Overall, this mechanism 
starts with sphinganine N-acyltransferase, which disrupts the lipid metabolism causing cell 
deregulation and accumulation of cytotoxic sphinganine (Sa), ultimately ending in cell death 
[10, 31]. The accumulation of Sa in cells is a proposed way to test and biomonitor for 
fumonisin B exposure by observing the ratio of So to Sa in blood and urine, but this approach 
to exposure monitoring has not been successfully validated [32]. Gumprecht et al. [27], also 
considered sphingolipid changes (the Sa to So ratio) as a marker of FB exposure in tissues of 
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swine that were exposed to fumonisin B doses of 20 mg FB1/kg body weight per day in grain 
feed. These researchers observed an increase of Sa in all tissue samples over the 5-day length 
of the study and by day four the liver tissue showed a 32-fold increase of Sa over the day one 
controls.  
Guidance for fumonisin B occurrence in grains and foods and feeds 
The Food and Drug Administration (FDA) has established guidelines regarding total 
fumonisin levels that are safe for humans and animals to consume, but fumonisin occurrence 
is not regulated in the United States [33]. The European Union (EU) regulates the fumonisin 
levels occurring in human foods [34], and has also established guidelines for fumonisin 
occurrence in animal feed [8] (Table 1).  
Table 1: Fumonisin food and feed concentrations of regulatory concern. 
 EU Maximum levels 
[34] 
FDA guidelines 
[33] 
Human Consumption 0.2 - 1 mg/kg 2 - 4 mg/kg 
Animal feed allowance 5 - 60 mg/kg 5 - 100 mg/kg 
 
Mitigation of fumonisin B1 in maize 
Collectively mycotoxin contamination of grain has an impact on the economy. As 
reviewed by Bruns and Abbas [35], the total amount lost between scientific research, loss of 
crop, and controlling the mycotoxin contamination in just the Unites States is estimated to 
range from 0.5 to 1.5 billion US dollars each year. In the United States alone there is 
approximately 1-20 million US dollars lost each year from fumonisin contamination. In the 
years that Fusarium has an outbreak, the US has lost up to 46 million dollars due to lost 
cereal grain [3]. Overall, fumonisin, has a relatively minor impact on the agricultural 
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economy, but due to the toxicity of fumonisin it is still important to ensure that its occurrence 
in foods and feeds is mitigated as much as possible. 
Plant pest reduction is an important mechanism for mitigating against high levels of 
FB1 occurrence because damage by insect pests acts as a vector for the introduction of 
Fusarium, which in turn produces fumonisin. Insect protection of maize through insect 
resistance traits has proven particularly beneficial in this regard [6]. 
Insect damage to the maize plant from foliar feeding of lepidopterian pests, such as 
the European corn borer (ECB)(Ostrinia nubilalis) and the western bean cutworm (WBC) 
(Striacosta albicosta), and root feeding by the coleopteran pest corn root worm, can 
significantly reduce the production and quality of maize grain [36, 37, 38]. For instance, 
damage from ECB to the plant can cause an increase of corn ear rot incidence, which 
decreases the crop yield [36, 37, 38]. Therefore, use of insect resistant (IR) traits with 
resistance to these pests has become a common practice in maize production systems. 
Maize has been genetically modified to express Gram-positive bacterium Bacillus 
thuringiensis (Bt) genes for suppression of both lepidopteran and coleopteran pests [37, 41, 
42]. It is specifically damage done by the lepidopteran pests, ECB and WBC that has been of 
particular interest in terms of mitigating Fusarium infestation of grain.  [3, 43].  
Maize expressing one or more of the cry (crystal protein) genes for lepidopteran pest 
resistance represents a critical tool for managing insect pest injury in maize. Insect resistant 
cry maize varieties now dominate United States agriculture and were grown in 92% of maize 
production area throughout the U.S and in Iowa in the 2016 growing season [39]. Overall, the 
presence of the lepidopertan active Bt genes in maize represents a method of mitigation of 
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fumonisin in feed and food due to the suppression of certain insects to limit the opportunity 
for fungal infestation.  
The cry insecticidal proteins have been divided into 4 major categories, along with 
subclasses [38,40]. The ones that are of interest for protection of maize, are the classes that 
affect the orders Lepidoptera and Coleoptera. For example, as mentioned previously, the cry1 
genes produced by Bacillus thuringiensis, are specifically active against lepidopteran pests. 
The cry toxins dissolve in a basic (pH greater than 7) environment, which can be found in the 
gut of lepidopteran pests. In the midgut of the insect, these proteins are converted into a toxic 
segment, which is then fatal to the insect [38, 40]. 
 There are other important pests that lepidoperteran active Bt maize hybrids help 
control, but do not completely eliminate infestation. They include the common stalk borer 
(Papiapema nebris), the corn ear worm (Helicoverpa zea), and the southwestern corn borer 
(Dialraea grandiosella), but Bt hybrids are not yet very effective at controlling pests such as 
the black cutworm (Agrotis ipsilon) and the fall armyworm (Spodoptera frugiperda). While 
these insects are not necessarily vectors for fumonisin, but they are potential vectors for other 
mycotoxins, such as aflatoxin [6, 7, 8, 9, 44].  
Numerous studies from the Midwestern US and elsewhere have compared the 
concentrations of fumonisin in Bt-maize and non-Bt-maize under similar environmental and 
agronomic conditions [see for instance, 3, 6, 7, 14, 35, 45, 46, 47, 48, 49, 50, 51, 54]. Key 
agronomic and management factors such as water availability, temperature, and planting date 
may affect the ability for IR crops to mitigate levels of FB1 occurrence. However, there are 
inconsistencies in the various studies that have been reported which are indicative of the 
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multiple interacting influences of management, environment, disease incidence, and crop 
genetics which are influencing the prevalence of FB [14, 53].  
 
Systematic review and meta-analysis as a research tool  
While the beneficial effect of Bt maize to reduce FB1 in grain is evident in many of 
these individual studies, a collective analysis of results of published research can provide a 
probabilistic understanding of the overall safety of the maize grain supply through fumonisin 
reduction.  This is important to understand because a single field study only captures data 
descriptive of a very specific set of environmental and production conditions, whereas these 
conditions for maize, which may be consequential for FB occurrence, are extensively 
variable regionally and over growing seasons. Systematic review and meta-analysis are 
useful tools that can collectively synthesize what is known about the relationship between 
fumonisin concentration in Bt grain supply over many years and in different environmental 
conditions. Outcomes of such an analysis can be useful in several contexts, such as for 
economic analysis of the benefit of widespread Bt adoption, prediction of both short and 
long-term exposures to FB1 in feed rations, and understanding variation of FB1 presence in 
maize sourced for food products. 
Systematic reviews and meta-analyses are used in a broad range of disciplines to 
compile data on a specific topic of interest [54, 55] and represent an important first step in 
meta-analysis. Cooper et al. [56], provide an extensive overview of the use and application of 
systematic reviews for synthesis of research data.  According to Doré et al. [57], there is a 
need for more meta-analyses and systematic reviews in the agronomy field to help quantify 
and collectively understand the research that has already been done. Guidelines specific to 
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the discipline should be used when conducting a systematic review or a meta-analysis [see 
for instance, 58]. For the purpose of the present study, the guidelines that are typically used 
for agronomy/agriculture will be introduced. 
According to Philibert et al. [58], there are eight general guidelines that must be met 
for a quality agricultural meta-analysis. First, the procedure of the systematic review must be 
repeatable. This means that the databases, key search terms, and any restrictions must be laid 
out clearly in a protocol or methods section. Second, the references that are chosen to be 
included in the analysis must be listed. Third, heterogeneity/variability of the analysis needs 
to be analyzed. To evaluate the between and within study variability a random effects model 
can be utilized [59]. Fourth, a sensitivity analysis needs to be conducted to determine the 
robustness of the data and to seek out data that may be potential outliers. Fifth, the reviewer 
needs to evaluate if there is publication bias in the studies.  This can occur when researchers 
only publish the data that has a favorable outcome and do not publish the results of studies 
that are not significant [59, 60]. Sixth, it is suggested that the data should be weighted based 
on variance estimates, especially if there are different levels of accuracy between the studies 
included in the analysis. The smaller the variance, the more precise the results are, hence the 
larger weight that study should have [61]. Seventh, the data set needs to be available either in 
an appendix or electronically. Lastly, the program that was used for statistical analysis must 
be accessible [58]. The PRISMA-P checklist for protocol development (http://www.prisma-
statement.org/documents/PRISMA-P-checklist.pdf) can also be consulted, but this checklist 
is not as well-suited for agricultural reviews compared to the Philibert et al. paper [62]. 
 Meta-analysis is a statistical tool that is utilized by researchers to collectively 
understand already documented data on a specific topic [55]. Recent examples in the 
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agricultural literature include effects of crop management on nitrous oxide emissions [63] 
and effects of rotation on soil health [64]. A typical meta-analysis, develops effect sizes from 
studies reporting sample sizes, means, and variance estimates of both the control and 
experimental groups, which allows for quantitative summarization of the effect being 
studied. In the case being addressed here, the effect of Bt maize on FB1 concentration is the 
key information sought from published research [61, 65]. The accuracy of the meta-analysis 
relies on the variance estimates to be reported or calculated correctly. If these estimates of the 
standard deviations are not accurate the analysis will not be completely correct [66]. Because 
variance is often reported in a variety of ways in published research, there is a need to use 
routine approaches to report variance in a uniform form, such as standard deviations [61]. In 
addition, since agricultural data oftentimes does not report a variance estimate, meta-analysis 
using experimental weighting based on replicate size of the experiment may be useful [65]. 
It is important to make sure that the meta-analysis was done properly by going 
through the steps listed earlier. This can be done by the researchers critiquing their analysis, 
evaluation of sensitivity of the model used, and reporting of the source data and analytical 
code used. This is to ensure that proper assumptions and conclusions were drawn.  
 
References 
[1] Audenaert, & Haesaert. (2017). Mycotoxins, secondary metabolites of a cereal 
 killer. South African Journal of Botany, 109, 326. 
 
[2] Suleiman, Rashid A, & Rosentrater, Kurt A. (2015). Current Maize Production, 
 Postharvest Losses and the Risk of Mycotoxins Contamination in 
 Tanzania, Agricultural and Biosystems Engineering Conference Proceedings and 
 Presentations. 
 
[3] Bowers, E., Hellmich, R., & Munkvold, G. (2014). Comparison of fumonisin 
 contamination  using HPLC and ELISA methods in Bt and near-isogenic maize 
12 
 hybrids infested with  european corn borer or western bean cutworm. Journal of 
 Agricultural and Food Chemistry. http://doi.org/10.1021/jf5011897. 
 
[4] Munkvold, G., & Desjardins, A. (1997). Fumonisins in maize - Can we reduce their 
 occurrence? Plant Disease, 81(6), 556-565. 
 
[5] Sapkota, Amy R., Lefferts, Lisa Y., McKenzie, Shawn, & Walker, Polly. (2007). 
 What do we feed to food-production animals? A review of animal feed ingredients 
 and their potential impacts on human health. (Review) (Clinical 
 report). Environmental Health Perspectives, 115(5), 663-670. 
 
[6] Bowers, Erin Louise, Hellmich, Richard L, & Munkvold, Gary P. (2013). Vip3Aa and 
Cry1Ab Proteins in Maize Reduce Fusarium Ear Rot and Fumonisins by Deterring 
Kernel Injury from Multiple Lepidopteran Pests, Entomology  Publications. 
 
[7] Dowd, P. (2000). Indirect Reduction of Ear Molds and Associated Mycotoxins in 
 Bacillus thuringiensis Corn Under Controlled and Open Field Conditions: Utility and 
 Limitations. Journal of Economic Entomology, 93(6), 1669-1679. 
 
[8] Diaz-Gomez, J., Marin, S., Capell, T., Sanchis, V., & Ramos, A. (2015, November 
 19). The impact of Bacillus thuringiensis technology on the occurrence of  fumonisins 
 and other mycotoxins in maize. World Mycotoxin Journal. 
 doi:10.3920/WMJ2015.1960. 
 
[9] Munkvold, Gary P, & Hellmich, Richard L. (1999). Genetically Modified Insect 
 Resistant Corn: Implications for Disease Management, Entomology Publications. 
 
[10] Council for Agricultural Science Technology. (2003). Mycotoxins: Risks in plant, 
animal, and human systems. (Task force report (Council for Agricultural Science  and  
Technology) no. 139). Ames, IA: Council for Agricultural Science and Technology. 
 
[11] Frisvad, J., Smedsgaard, J., Samson, R., Larsen, T., & Thrane, U. (2007). Fumonisin B2 
 production by Aspergillus niger. Journal of Agricultural and Food 
 Chemistry, 55(23), 9727-32. 
 
[12] Rheeder, John P., Marasas, Walter F. O., & Vismer, Hester F. (2002). Production of 
 Fumonisin Analogs by Fusarium Species. Applied and Environmental 
 Microbiology, 68(5), 2101. 
 
[13] Yazar, S., & Omurtag, G. (2008). Fumonisins, trichothecenes and zearalenone in 
 cereals. International Journal of Molecular Sciences, 9(11), 2062-90. 
 
[14] Abbas, H. K., Shier, W. T., & Cartwright, R. D. (2007). Effect of temperature, 
 rainfall and planting date on aflatoxin and fumonisin contamination in 
 commercial Bt and non-Bt corn hybrids in Arkansas. Phytoprotection. 
 http://doi.org/10.7202/018054ar. 
13 
 
[15] Norred, W. P., Plattner, R. D., Vesonder, R. F., Bacon, C. W., & Voss, K. A.  (1992). 
 Effects of selected secondary metabolites of Fusarium moniliforme on unscheduled 
 synthesis of DNA by rat primary hepatocytes. Food and Chemical  Toxicology, 30(3), 
 233-237. doi:10.1016/0278-6915(92)90038-M. 
 
[16] Raiola, A., Tenore, G. C., Manyes, L., Meca, G., & Ritieni, A. (2015). Risk analysis  of  
 main mycotoxins occurring in food for children: An overview. Food and Chemical
 Toxicology, 84, 169–180. http://doi.org/10.1016/j.fct.2015.08.023. 
 
[17] Sun, Guiju, Wang, Shaokang, Hu, Xu, Su, Jianjia, Huang, Tianren, Yu, Jiahua,. 
 ...Wang, Jia-Sheng. (2007). Fumonisin B1 contamination of home-grown corn in 
 high-risk areas for esophageal and liver cancer in China. Food additives and 
 contaminants, 24(2), 181. doi:10.1080/02652030601013471. 
 
[18] Rheeder, J.P, W.F.O Marasas, P.G Thiel, E.W Sydenham, and G.S Shephard. 
 "Fusarium moniliforme and Fumonisins in Corn in Relation to Human 
 Esophageal Cancer in Transkei." The American Phytopathological Society, vol. 82, 
no. 3, 1992, pp. 353-57. Accessed 22 Mar. 2017. 
 
[19] Missmer, Stacey A., Suarez, Lucina, Felkner, Marilyn, Wang, Elaine, Merrill, 
 Alfred H., Rothman, Kenneth J., & Hendricks, Katherine A. (2006). Exposure to 
 Fumonisins and the Occurrence of Neural Tube Defects along the Texas–Mexico 
 Border. Environmental Health Perspectives, 114(2), 237-241 
 doi:10.1289/ehp.8221. 
 
[20] Mckean, C., Tang, L., Tang, M., Billam, M., Wang, Z., Theodorakis, C.W., . . . 
 Wang, J.-S. (2006). Comparative acute and combinative toxicity of aflatoxin B 1 and 
 fumonisin B 1 in animals and human cells. Food and Chemical Toxicology, 44(6), 
 868-876. 
 
[21] Kellerman, T., Marasas, W., Thiel, P., Gelderblom, W., Cawood, M., & Coetzer, J. 
 (1990). Leukoencephalomalacia in two horses induced by oral dosing of fumonisin 
 B1. The Onderstepoort Journal of Veterinary Research., 57(4), 269-275. 
 
[22] Smith, G., Constable, P., Foreman, J., Eppley, R., Waggoner, A., Tumbleson, M., & 
 Haschek, W. (2002). Cardiovascular changes associated with intravenous 
 administration of fumonisin B1 in horses. American Journal of Veterinary 
 Research,63(4), 538-45. 
 
[23] Haschek, W., Gumprecht, L., Smith, G., Tumbleson, M., & Constable, P. (2001). 
 Fumonisin toxicosis in swine: An overview of porcine pulmonary edema and  
 current perspectives. Environmental Health Perspectives, 109 Suppl 2, 251-7. 
 
[24] Harrison, L., Colvin, B., Greene, J., Newman, L., & Cole, J. (1990). Pulmonary 
 edema and hydrothorax in swine produced by fumonisin B1, a toxic metabolite of 
14 
 Fusariummoniliforme. Journal of Veterinary Diagnostic Investigation: Official 
 Publication of the American Association of Veterinary Laboratory  Diagnosticians,
 Inc, 2(3), 217-21. 
 
[25] Colvin, B., Cooley, A., & Beaver, R. (1993). Fumonisin toxicosis in swine: Clinical  
and pathologic findings. Journal of Veterinary Diagnostic Investigation: Official 
Publication of the American Association of Veterinary Laboratory  
Diagnosticians, Inc, 5(2), 232-41. 
 
[26] Timby, Reed, Zeilender, & Glauser. (1990). "Mechanical" Causes of Pulmonary 
 Edema. Chest, 98(4), 973-979. 
 
[27] Gumprecht, L., Beasley, V., Weigel, R., Parker, H., Tumbleson, M., Bacon, C., . . . 
 Haschek, W. (1998). Development of fumonisin-induced hepatotoxicity and 
 pulmonary edema in orally dosed swine: Morphological and biochemical 
 alterations. Toxicologic Pathology, 26(6), 777-88. 
 
[28] Bracarense, A., Lucioli, J., Grenier, B., Drociunas Pacheco, G., Moll, W., 
Schatzmayr, G., & Oswald, I. (2012). Chronic ingestion of deoxynivalenol and  
fumonisin, alone or in interaction, induces morphological and immunological  
changes in the intestine of piglets. British Journal of Nutrition,107(12), 1776-
 1786. 
 
[29] Delgado, J., & Wolt, J. (2014). Fumonisin B1 and implications in nursery swine 
 productivity: A quantitative exposure assessment. Journal of Animal 
 Science, 88(11), 3767-77. 
 
[30] Delgado, James Edward. (2014). Fumonisin B1 Toxicity in Swine: A Comparative 
 Analysis of Genetically Engineered Bt Corn and Non-Bt Corn by Using 
 Quantitative Dietary Exposure Assessment Modeling and Ecotoxicological 
 Investigations on Earthworms, Graduate Theses and Dissertations. 
 
[31] Merrill, Liotta, & Riley. (1996). Fumonisins: Fungal toxins that shed light on 
 sphingolipid function. Trends in Cell Biology, 6(6), 218-223. 
 
[32] Solfrizzo, Chulze, Mallmann, Visconti, De Girolamo, Rojo, & Torres. (2004). 
 Comparison of urinary sphingolipids in human populations with high and low 
 maize consumption as a possible biomarker of fumonisin dietary exposure. Food 
 Additives and Contaminants, 21(11), 1090-5. 
 
[33] Food and Drug Administration (FDA), 2001. Guidance for Industry: Fumonisin 
 Levels in Human Foods and Animal Feeds; Final Guidance. Available at: 
 https://www.fda.gov/Food/GuidanceRegulation/GuidanceDocumentsRegulatoryIn 
 formation/ChemicalContaminantsMetalsNaturalToxinsPesticides/ucm109231.htm 
 
15 
[34] European Union (EU), 2007. Amending Regulation (EC) No 1881/2006 setting 
 maximum levels for certain contaminants in foodstuffs as  regards Fusarium toxins 
 in maize and maize products. http://eur- 
 lex.europa.eu/legalcontent/EN/ALL/?uri=CELEX:32007R1126. 
 
[35] Bruns, H. A., & Abbas, H. K. (2006). Planting date effects on Bt and non-Bt corn in 
 the Mid-South USA. Agronomy Journal. http://doi.org/10.2134/agronj2005.0143. 
 
[36] Environmental Protection Agency (EPA), 2009. BIOPESTICIDES REGISTRATION 
 ACTION DOCUMENT. Available at:   
 https://www3.epa.gov/pesticides/chem_search/reg_actions/registration/decision_PC- 
006599_3-Apr-09.pdf. 
 
[37] Munkvold, G., Hellmich, R., & Showers, W. (1997). Reduced fusarium ear rot and 
 symptomless infection in kernels of maize genetically engineered for European 
 corn borer resistance. Phytopathology, 87(10), 1071-7. 
 
[38] Sobek, E., & Munkvold, G. (1999). European corn borer (Lepidoptera: Pyralidae) 
larvae as vectors of Fusarium moniliforme, causing kernel rot and symptomless 
infection of maize kernels. Journal of Economic Entomology, 92(3), 503-509. 
 
[39] Adoption of Genetically Engineered Crops in the US, United States Department of 
 Agriculture Economic Research Service, 19 Oct. 2016, 
 www.ers.usda.gov/dataproducts/adoption-of-genetically-engineered-crops-in-the- 
 us/. Accessed 7 Nov. 2016. 
 
[40] Hofte, H, & Whiteley, H R. (1989). Insecticidal crystal proteins of Bacillus 
 thuringiensis. Microbiology and Molecular Biology Reviews, 53(2), 242-255. 
 
[41] Carozzi, N., & Koziel, M. (1997). Advances in insect control: The role of transgenic 
 plants / edited by Nadine Carozzi and Michael Koziel. London; Bristol, PA: 
 Taylor & Francis. 
 
[42] Petzold-Maxwell, Jennifer L, Jaronski, Stefan T, Clifton, Eric Harold, Dunbar, 
  Michael Wilson, Jackson, Mark A, & Gassmann, Aaron J. (2013). Interactions 
 Among Bt Maize, Entomopathogens, and Rootworm Species (Coleoptera: 
 Chrysomelidae) in the Field:  Effects on Survival, Yield, and Root Injury, 
 Entomology Publications. 
 
[43] Munkvold, G., Hellmich, R., & Rice, L. (1999). Comparison of fumonisin 
 concentrations in kernels of transgenic Bt maize hybrids and nontransgenic 
 hybrids. Plant Disease, 83(2), 130-138. 
 
[44] Pilcher, C., Rice, M., Obrycki, J., & Lewis, L. (1997). Field and laboratory 
 evaluations of transgenic Bacillus thuringiensis corn on secondary lepidopteran 
16 
 pests (Lepidoptera: Noctuidae). Journal of Economic Entomology, 90(2), 669-
 678. 
 
[45] Abbas, H. K., Cartwright, R. D., Xie, W., & Shier, W. T. (2006). Aflatoxin and 
 fumonisin contamination of corn (maize, Zea mays) hybrids in Arkansas. Crop 
Protection. http://doi.org/10.1016/j.cropro.2005.02.009. 
 
[46] Bowers, E. L., & Munkvold, G. P. (2014). Fumonisins in conventional and transgenic, 
insect-resistant maize intended for fuel ethanol production:  implications for  
fermentation efficiency and DDGS co-product quality. Toxins. 
 http://doi.org/10.3390/toxins6092804. 
 
[47] Catangui, M. A., & Berg, R. K. (2006). Western Bean Cutworm, Striacosta 
albicosta (Smith) (Lepidoptera: Noctuidae), as a Potential Pest of Transgenic  
Cry1Ab Bacillus thuringiensis Corn Hybrids in South Dakota. Environ. Entomol, 
35(5), 1439–1452. 
 
[48] De La Campa, R., Hooker, D. C., Miller, J. D., Schaafsma, A. W., & Hammond, B.  G. 
 (2005). Modeling effects of environment, insect damage, and Bt genotypes on 
 fumonisin accumulation in maize in Argentina and the Philippines. Mycopathologia. 
 http://doi.org/10.1007/s11046-005-2150-3. 
 
[49] Hammond, B., Campbell, K., Pilcher, C., Degooyer, T., Robinson, A., Mcmillen, B., 
 . .Richard, J. (2004). Lower fumonisin mycotoxin levels in the grain of Bt  corn 
 grown in the United States in 2000-2002. Journal of Agricultural and Food 
 Chemistry, 52(5), 1390-7. 
 
[50] Papst, C., Utz, H. F., Melchinger, A. E., Eder, J., Magg, T., Klein, D., & Bohn, M. 
(2005). Mycotoxins produced by Fusarium spp. in isogenic Bt vs. non-Bt maize  
hybrids under  European corn borer pressure. Agronomy  
 Journal.http://doi.org/10.2134/agronj2005.0219. 
 
[51] Pinson, L., Plancke, M., Richard-Forget, F., & Fleurat-Lessard, F. (2003). Fusarium 
 mycotoxins in isogenic and Bt maize varieties grown in different geographic areas 
 in France. Advances in Stored Product Protection, 511-516. 
 
[52] Tatli, F.; Gullu, M.; Ozdemir, F., 2004: Determination of fungi species, 
 relationships between ear infection rates and fumonisin quantities in Bt 
 maize. Bulletin OILB/SROP 27(3):161-164. 
 
[53] Dowd, P. (2001). Biotic and abiotic factors limiting efficacy of Bt corn in indirectly 
reducing mycotoxin levels in commercial fields. Journal of Economic  
Entomology, 94(5), 1067-74. 
 
[54] Evans, James A., & Foster, Jacob G. (2011). Metaknowledge. Science, 331(6018), 
 721. 
17 
 
[55] Harrison, F. (2011). Getting started with meta-analysis. Methods In Ecology And 
 Evolution, 2(1), 1-10. 
 
[56] Cooper, H., & Hedges, Larry V. (1994). The Handbook of research synthesis / 
 edited by Harris Cooper and Larry V. Hedges. New York: Russell Sage  
Foundation. 
 
[57] Doré, Makowski, Malézieux, Munier-Jolain, Tchamitchian, & Tittonell. (2011). 
 Facing up to the paradigm of ecological intensification in agronomy: Revisiting 
 methods, concepts and knowledge. European Journal of Agronomy, 34(4), 197-
 210. 
 
[58] Philibert, A., Loyce, C., & Makowski, D. (2011). Assessment of the quality of 
 meta-analysis in agronomy. Agriculture, Ecosystems, and Environment, 148, 72-82. 
 
[59] Borenstein, M., Hedges, L., Higgins, J., & Rothstein, H. (2009). Introduction to 
 Meta-Analysis. Chicester: Wiley. 
 
[60] Light, R., & Pillemer, D. (1984). Summing up: The science of reviewing research /  
Richard J. Light, David B. Pillemer. Cambridge, Mass.: Harvard University Press. 
 
[61] Hedges, L., & Olkin, I. (1985). Statistical methods for meta-analysis / Larry V. 
 Hedges, Ingram Olkin. Orlando: Academic Press. 
 
[62] Moher, David, Shamseer, Larissa, Clarke, Mike, Ghersi, Davina, Liberati, 
 Alessandro, Petticrew, Mark, . . . Stewart, Lesley A. (2015). Preferred reporting 
 items for systematic review and meta-analysis protocols (PRISMA-P) 2015 
 statement. Systematic Reviews, 4(1), 1. 
[63] Basche, A. D., Miguez, F. E., Kaspar, T. C., & Castellano, M. J. (2014). Do cover 
 crops increase or decrease nitrous oxide emissions? A meta-analysis. Journal of 
 Soil and Water Conservation, 69(6), 471–482. 
 http://doi.org/10.2489/jswc.69.6.471. 
[64] McDaniel, M. D., Tiemann, L. K., & Grandy, A. S. (2014). Does agricultural crop 
 diversity enhance soil microbial biomass and organic matter dynamics? A meta-
 analysis. (Report). Ecological Applications, 24(3), 560-570. 
 
[65] Adams, D., Gurevitch, J., & Rosenberg, M. (1997). Resampling Tests for Meta-
 Analysis of Ecological Data. Ecology, 78(4), 1277-1283. 
 
[66] Hedges, Larry V., Gurevitch, Jessica, & Curtis, Peter S. (1999). The meta-analysis  of 
 response ratios in experimental ecology. (Meta-Analysis in Ecology). Ecology, 
 80(4), 1150-1156. 
 
18 
 
 
CHAPTER 2 
 
FUMONISIN B1 IN BT AND NON-BT MAIZE: A META-ANALYSIS 
Submitted to the Journal of Food and Agricultural Chemistry 
Kayla Cappelle, Gary Munkvold, and Jeffrey Wolt 
 
Abstract 
 
Fumonisins are a class of mycotoxins that are of interest due to their occurrence in 
feed and food grains at concentrations which may be adverse to the health of humans and 
animals. The presence and mitigation of fumonisin has been a topic of widespread study, but 
the meta-effect of Bt maize as a method of mitigation has not been fully established in terms 
of the probable occurrence and magnitude of mitigation achieved regionally over time.  
A systematic review of published data and subsequent meta-analysis were used to 
develop a more complete understanding of fumonisin B1 (FB1) levels regionally over several 
years as a means of quantifying the value of Bt maize adoption for reducing fumonisin 
concentrations in grain and derived foods and feeds. The magnitude and significance of the 
observed meta-effects were estimated for sets of meta-data representing varied degrees of 
statistical integrity. Variance weighted data indicated a 14% decrease in FB1 concentrations 
in Bt maize, whereas a replication weighted approach for the same data indicated a 67% 
decrease. While all analyses showed the positive effect of Bt maize to reduce FB1 
concentrations in grain relative to comparable non-Bt maize, the effect size for variance-
weighted data was smaller than for the less statistically robust data. 
Introduction 
Mycotoxins are toxic fungal secondary metabolites that may occur as food 
contaminants at concerning concentrations [1, 2]. Fumonisins are a class of mycotoxins that 
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have been of particular interest due to their occurrence in feed and food grains at 
concentrations significant to the health of humans and animals [3, 4]. Fusarium 
verticillioides and Fusarium proliferatum are the primary producers of fumonisin [5], 
although other organisms have been implicated [6].  The presence and mitigation of 
fumonisin has been a topic of widespread study. The prevalence of fumonisin B1 (FB1, the 
most prevalent and toxic form of fumonisin; [7]) occurrence in maize has received particular 
attention due to the importance of maize in the global food and feed supply [8] and because 
of reported incidences of occurrence in food and feeds which have been attributed to adverse 
outcomes in humans and livestock [9]. 
There are multiple abiotic and biotic factors that may influence fumonisin levels 
observed in foods and feeds. First, for the crop in the field, factors such as plant damage due 
to pest infestation, rainfall, temperature, humidity, plant genotype, planting date, location and 
field conditions can affect the occurrence and concentrations of fumonisin. Second, after the 
crop is harvested, storage conditions such as high humidity or additional pest exposure, can 
cause an increase of mycotoxins in the grain [10, 11]. 
The advent of maize varieties genetically modified to express Bacillus thuringiensis 
(Bt) genes for suppression of lepidopteran pests has proven an effective means to mitigate 
levels of FB1 occurrence [12, 13, 14]. It is specifically damage done by the lepidopteran 
pests, European corn borer (ECB) (Ostrinia nubilalis Hübner) and the western bean cutworm 
(WBC) (Striacosta albicosta) that have been of particular interest in terms of enhancing 
Fusarium infestation of grain and subsequent fumonisin contamination [3, 15].  
While the beneficial effect of Bt maize to reduce FB1 in grain is evident in numerous 
field studies (see for instance, [3]), a collective analysis of results of published research can 
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provide a probabilistic understanding of the overall safety of the maize grain supply through 
FB1 reduction. This is an important consideration because a single field study only captures 
data descriptive of a very specific set of production and environmental conditions, whereas 
for maize these conditions, which may be consequential for FB1 occurrence, are extensively 
variable regionally and over growing seasons. A systematic review and meta-analysis is a 
useful tool that can collectively synthesize agronomic and environmental data [16] and which 
can be usefully applied to considerations of FB1 concentration in grain supply over many 
years and in different environmental conditions as affected by adoption of Bt maize varieties. 
Outcomes of such an analysis can be useful in several contexts, such as for economic 
analysis of the benefit of widespread Bt adoption, prediction of both short and long-term 
exposures to FB1 in feed rations, and understanding variation of FB1 presence in maize 
sourced for food products. In this paper, a systematic review of fumonisin data and 
subsequent meta-analysis are used to develop a more complete understanding of FB1 levels 
regionally over several years as a means of quantifying the value of Bt maize adoption for 
reducing fumonisin concentrations in grain and derived foods and feeds. 
 
Methods 
Systematic review 
A formal literature review was conducted to collect and critically analyze field studies 
that presented data comparing fumonisin concentrations in Bt and non-Bt maize grain. Data 
were selected to allow for orthogonal comparisons between Bt-maize and its corresponding 
non-Bt counterpart. A systematic review protocol was developed [16, 17] and carried out for 
conducting the review (Appendix A). Briefly, the systematic review involved creating 
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inclusion criteria to determine papers which should be included in the study. The following 
criteria were followed: 
1. Mean fumonisin concentrations (as total fumonisins or FB1 only) for the Bt and 
the comparable non-Bt (control) maize variety must be presented.  
2. The study must present a location and year. This was so analysis regarding these 
factors can be done. Data presenting an average over several locations and years 
were not useful for the specific analysis of the effect of these factors, but the data 
were still useful for calculating an overall mean and confidence interval. 
3. Only field trials were included, while laboratory studies were excluded. 
4. Publications from all years were accepted, but only publications in the English 
language were accepted. 
A database of the literature meeting these criteria was established by using a variety 
of electronic data bases and key search term strings (Appendix A). There were no additional 
limitations selected when searching the databases because it was desirable to include all 
available data. This is due to the fact that there are a limited number of studies on this 
specific topic when compared to a medically-based/epidemiology studies where greater 
selectively in the systematic review is possible [16]. Results reported here are for literature 
available prior to the date of analysis (February xx, 2017). 
This approach allowed for inclusion of results in an initial dataset that are from 
literature which may not report replications or variance.  From these comprehensive data, 
three levels of nested comparison were possible (Figure 1): Level 1 – the comprehensive 
dataset reporting mean comparisons of Bt vs. control response; Level 2 – data where the 
number of replicates for the mean comparisons for the study were reported; and Level 3 – 
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data where a variance estimate for the mean comparisons was reported. To manage the 
review, Endnote and Mendeley were used to archive and time stamp data acquisition 
throughout the screening process.  
 
Figure 1: Flow chart describing the screening process. 
In this analysis, there were therefore three datasets generated, Level 1, which reported 
comprehensive data reporting a mean comparison; Level 2, that subset of the Level 1 studies 
which report replicate number for the comparison (the replicate-weighted dataset); and Level 
3, the subset of Level 2 data which contained a measurement of variance (the variance-
weighted dataset).  
All data relating to fumonisin concentrations were converted as necessary to uniform 
SI units and effect sizes were determined. For data that reported fumonisin concentrations as 
zero or non-detectable, the detection limit listed in the publication was used as the 
concentration present. In those instances where total fumonisin (typically, FB1+FB2+FB3) 
were reported, a conversion was made to FB1 by dividing the total fumonisin concentration 
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by a conversion factor of 1.7384 (Appendix D). This conversion factor represents the slope 
of the regression of FB1 concentration on total fumonisin concentration as reported from 
[18]. FB1 was analyzed because it is the most toxic and the most prevalent form of fumonisin 
[7].  The response ratio (RR) representing the quotient of FB1 concentrations observed in Bt 
maize and non-Bt maize data pairs was calculated as, 
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑅𝑎𝑡𝑖𝑜(𝑅𝑅) =
𝑀𝑒𝑎𝑛 [𝐹𝐵1] 𝑖𝑛 𝐵𝑡 𝑚𝑎𝑖𝑧𝑒
𝑀𝑒𝑎𝑛 [𝐹𝐵1] 𝑖𝑛 𝑛𝑜𝑛 𝐵𝑡 𝑚𝑎𝑖𝑧𝑒
        (1) 
Use of the response ratio simplifies quantifying the difference between Bt and non-Bt 
responses in all comparisons by focusing on the size of the difference expressed as a ratio of 
means [19]. This ratio is commonly used in ecological studies because it expresses the 
proportionate change that is a result from an experimental treatment, which in this instance is 
Bt maize [20]. The RR are scaled standardized estimates, which simplifies data comparisons 
from different studies and allows for analysis of different characteristics within the studies 
[21]. The natural logarithm of the response ratios (LRR) was used to normalize the data 
(equation 2), making for more useful comparisons [20]. 
𝐿𝑅𝑅 = ln(𝑅𝑅)                                                                     (2) 
Descriptors of the attributes of studies acquired from the systematic review of the 
literature were entered into an Excel workbook along with the reported concentrations of 
fumonisin (mean, replicate number and variance estimate, when present). The variance, when 
reported in studies, was frequently reported as p-values, confidence intervals, or standard 
errors. These were converted to standard deviations under the assumption that the mean FB1 
concentrations are normally distributed using a web-based conversion calculator 
(http://training.cochrane.org/resource/revman-calculator). In many instances, variance was 
graphically reported in publications; in these instances, a web-based graphical data 
24 
extrapolation tool was used to recover numerical values of the variance measurement 
(https://automeris.io/WebPlotDigitizer/)  
 Variation in the LRR observed among paired studies may reflect plant genetics, 
environmental conditions, agronomic management, or experimental elements contributing to 
the occurrence and concentration of FB1. Therefore, the following factors when present were 
coded into the data base with each paired response: artificial pest infestation (ECB, WBC, or 
CEW), infestation method (manual or natural), Bt protein expressed (Cry1Ab, Cry3Bb1, 
Cry1F, or a Bt stack), county, year, lepidopteran-active Bt protein (yes or no), and chemical 
insecticide treatment (yes or no). In addition, latitude and longitude coordinates were 
assigned for each data pair based on the country centroid coordinate for each study location 
(https://www.census.gov/geo/reference/geoguide.html). Since individual publications 
oftentimes report several studies with varied attributes, both publication numbers and study 
numbers were assigned to each data pair.  
Graphs were developed to visualize data in preparation for subsequent analysis for 
homogeneity using meta-statistics [19]. Preliminary evaluation of the meta-data structure was 
accomplished through graphical analysis of the comprehensive (Level 1) data by plotting the 
cumulative percent FB1 concentrations for Bt and non-Bt maize to allow for comparison of 
the cumulative distribution in observed response for this population of data before 
considering other factors. In addition, the cumulative distribution in LRR integrating data of 
varied statistical richness was plotted to evaluate the overall distribution in effect size and its 
consistency among the three nested data levels.  
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Meta-analysis 
 Variance weighted meta-data 
Only the Level 3, variance-weighted data, were amenable to conventional meta-
analysis.  The methods of Hedges and Olkin [21] and Hedges [20] were used for analysis of 
the variance weighted meta-data through calculation of the within study error (Vi) as a 
function of the standard deviation (SD), number of replications (n), and mean FB1 
concentration (y) for respective Bt and non-Bt data pairs: 
𝑊𝑖𝑡ℎ𝑖𝑛 𝑠𝑡𝑢𝑑𝑦 𝑒𝑟𝑟𝑜𝑟(𝑉𝑖) =
(𝑆𝐷𝐵𝑡)
2
(𝑛𝐵𝑡)(𝑦𝐵𝑡)2
+  
(𝑆𝐷𝑛𝑜𝑛−𝐵𝑡)
2
(𝑛𝑛𝑜𝑛−𝐵𝑡)(𝑦𝑛𝑜𝑛−𝐵𝑡)2
                (3) 
 The LRR values were weighted in subsequent analysis using an inverse weighting 
factor (Wi): 
𝑊𝑖 =  
1
𝑉𝑖
                                           (4)   
 This gave the data pairs with smaller variance more weight than those with a larger variance, 
thus accounting for the assumed unequal variance between data pairs [20].  
A general linear model with inverse-variance weighting was used to test for the effect 
of Bt vs. non-Bt maize using the variance-weighted meta data. The outcomes of this 
homogeneity test [21] were additionally analyzed for publication bias using funnel plots and 
Q-Q residual plots. 
 Mixed model regression was conducted using SAS PROC MIXED with weighting to 
independently test for the effect factors that may account for the observed meta response in 
LRR values [20, 21]. The statistical model created was (after [19]): 
𝐿𝑖𝑗 = 𝛽𝑜 + 𝛿𝑖 +  𝛽1𝛼𝑖𝑗 +  𝜏𝑖𝛼𝑖𝑗 + 𝜖𝑖𝑗,   (5) 
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where the model factors are considered fixed effects with random effects being the intercept 
and the paper number (i.e., data source). In this model, 𝐿𝑖𝑗 is the LRR value on the i
th paper 
number and on the jth level of the fixed factor (𝛼). The intercept over all of the data pairs in 
the analysis is represented by 𝛽𝑜; 𝛿𝑖  represents the random effect due to the i
th paper number 
level (i = 1...,14);  𝛽1 represents the fixed regression coefficient of Li across the fixed factors 
(𝛼) for all of the papers; and, 𝜏𝑖 is the random effect of paper number i on 𝛽1.  Lastly, 𝜖𝑖𝑗  is 
the residual error for the model. This model was used to test each of the factors potentially 
contributing to variation in effect size.  
Replication weighted meta-data 
 Because of the need for reported variance, the number of data pairs that could be used 
for conventional meta-analysis limited the size of the variance-weighted (Level 3) dataset. 
Therefore, the bootstrapping method of Adams et al. [22], was used to calculate homogeneity 
using a replication-based weighting factor for the Level 2 data. The weighting factor (Wrep) 
described by Adams et al. [22] is: 
𝑊𝑟𝑒𝑝 =
𝑛𝑡  ×  𝑛𝑐
𝑛𝑡 + 𝑛𝑐
,                       (6) 
Where nt and nc are the number of replications for the treatment (Bt maize) and control (non-
Bt maize) observations, respectively. This method has fewer assumptions than a parametric 
test has. Equation (6) follows from equation (3) under the assumption that overall sample 
size is sufficiently large that the ratio (SD2/y2) is constant for both the treatment and the 
control across all experiments [22], which may be of restricted validity for the size of the 
datasets considered herein. The assumption underlying this weighting factor is that the 
studies with more replications are weighted more heavily than the studies with fewer 
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replications [22]. Since the data used here are all orthogonal comparison with equal numbers 
of replications for treatment and control (nt = nc = n), Wrep, simplifies to: 
𝑊𝑟𝑒𝑝 =
𝑛2
2𝑛
                       (7) 
For these data, bootstrapping confidence interval was computed using a stratification 
routine [24]. The ranked LRR were subdivided into seven strata (Group 1: -3.84267 to -
3.01894, Group 2: -2.99394 to -2.02139, Group 3: -1.97585 to -1.02339, Group 4: -0.99714 
to -0.05689, Group 5: 0 to 0.780159, Group 6: 1.403994 to 1.43848, and Group 7: 2.0794 to 
2.5585) where the individual LRR within a given strata were weighted as a percent of the 
summed weights in that strata divided by the overall sum of weights, 
𝑊𝑗 % =  
∑ 𝑊𝑟𝑒𝑝
𝑛
𝑖𝑗
∑ 𝑊𝑟𝑒𝑝
𝑛
𝑖
  ×  100.          (7) 
Once strata-wise weighting was accomplished, the bootstrap analysis was conducted 
using SAS PROC SAMPLESELECT and SAS PROC MEANS to determine the mean and 
confidence interval for the bootstrap results 
(http://blogs.sas.com/content/iml/2016/08/10/bootstrap-confidence-interval-sas.html). This 
same procedure was repeated for the Level 3 data for comparative purposes. 
 
Statistics and sensitivity analysis 
  Statistical analysis was performed using SAS (version 9.4, SAS Institute, Cary NC). 
In addition, R Metafor (http://www.metafor-project.org/doku.php) was used within the 
OpenMEE graphical interface (http://www.cebm.brown.edu/openmee/index.html; [23] for 
selected confirmatory and sensitivity analyses. The leave-one out method was utilized for 
publication bias and the sensitivity analysis 
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(https://onlinecourses.science.psu.edu/stat509/book/export/html/145 ). This was performed 
by removing one publication at a time and seeing how the mean LRR and the confidence 
intervals changed. Also, model sensitivity was assessed by using different statistical 
algorithms to run the analysis as found in SAS, R, and OpenMEE.  The R Metafor package 
and ggplot2 package (http://www.metafor-project.org/doku.php and 
https://www.statmethods.net/advgraphs/ggplot2.html ) were also used to create funnel plots, 
forest plots, and Q-Q plots to help with further assessing the publication bias and data and 
model sensitivity. Online statistical programs were used determine normality, skewness, and 
kurtosis in statistical distributions (https://www.wessa.net/rwasp_fitdistrnorm.wasp and 
https://www.wessa.net/rwasp_skewness_kurtosis.wasp) and for distributional comparisons 
using the Kolmogorov–Smirnov (KS) test ( http://www.physics.csbsju.edu/stats/KS-
test.n.plot_form.html). Mean effect size was reported as the relative percent change in FB1 
for Bt maize vs. the non-Bt control (Relative % change = 100  |1 – e LRR|), where the 
direction of the change (a reduction or increase) relative to the control is determined by the 
sign of the LRR. 
 
Results and Discussion 
Systematic review 
 The systematic review process identified 21 relevant publications from amongst 883 
titles screened which were winnowed into datasets based on statistical richness (Figure 2 and 
Appendix E). Common reasons that publications were excluded from the meta-analysis 
include lack of near isogenic comparisons, the study was performed in a laboratory rather 
than in a field setting, or locations and years were not listed.  
29 
 Overall, 21 publications comprising 287 independent studies and 444 data pairs were 
identified as comprising the comprehensive (Level 1) data set. This data set differed from the 
nested level 2 and 3 data sets through including of data pairs obtained from strip trials and 
studies where means represented data combined over locations or years. The studies included 
in the Level 1 as well as the nested Level 2 and Level 3 datasets, included some data from 
temperate region maize growing regions from outside of the US which here judged 
comparable to Midwestern US growing conditions. 
The replication-weighted (Level 2) meta-data were comprised of 18 papers, with 62 
independent studies totaling 205 data pairs comparing FB1 concentrations in Bt and non-Bt 
maize. For this data set, 80% of the meta-data were collected in the United States and 45% 
were collected in the state of Iowa, while 82% of the trials included maize that had the 
Cry1Ab protein and 12% of data involved a stack with multiple proteins. Lastly, 52% of the 
data was artificially infested with pests; 39% were specifically infested with the European 
corn borer. 
The variance-weighted (Level 3) meta-data comprised 14 papers, with 55 
independent studies, totaling 156 data pairs comparing FB1 concentrations in Bt and non-Bt 
maize. This database was quite similar in composition to the replication-weighted data. 
Overall, 79% of the meta-data were collected in the United States and 37% were collected in 
the state of Iowa. Cry1Ab protein was expressed in maize for 81% of the trials and 15% of 
the data-pairs involved comparisons involving a stack with multiple proteins. Lastly, 49% of 
the data comparisons involved artificial infestation with pests; 34% were specifically infested 
with the European corn borer. 
30 
 A summary of the systematic review screening process is displayed below shows the 
three nested levels of data subject to further analysis (Figure 2). This displays the number of 
publications included and excluded at each step of the process. 
 
Figure 2: Summary of the systematic review screening process. 
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Robustness in meta comparisons 
The data analyzed herein are characteristic of many data in the agricultural literature 
in that they are limited in number, may lack comprehensive statistics, and represent studies 
with widely varied objectives and therefore are lacking in a basis for uniform comparisons of 
factors contributing to experimental outcomes [16]. Data distributions for the Level 2 and 
Level 3 subsets of the comprehensive (Level 1) data appeared to be independent and 
identically distributed; this was confirmed through KS tests showing the distribution of LRR 
for Level 2 and Level 3 data were no different than for the Level 1 data (p = 0.983 and 0.522, 
respectively). Also, Level 2 and Level 3 data also appear to be identically distributed (p = 
0.949). Therefore, inferences regarding the comprehensive meta-data may be possible from 
the meta-statistics for Level 2 and Level 3 datasets. Furthermore, normality, skewness, and 
kurtosis tests showed that overall, all datasets used in this analysis were normally distributed 
(Appendix C). Level 2 data appeared to have some outliers on either tail of the distribution of 
residuals, but they were not significant. Data were also not skewed and there was nothing 
notable regarding the kurtosis for any of the levels of data, again supporting the 
comparability of these three datasets in terms of the meta-effect of Bt maize and their 
amenability to the statistical approaches used for the meta evaluations. 
Comprehensive (Level 1) data analysis 
 The cumulative distribution of data independently ranked for FB1 concentration in 
Bt and non-Bt maize (Figure 3), show considerably different patterns of distribution for the 
collective data. The two distributions were significantly different as determined by the KS 
test (p = <0.0001). Assuming these data spanning the years 1995 to 2011 are representative 
of Midwestern growing conditions during this period, the trends in FB1 distribution suggest 
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that concentrations exceed levels of concern for human food (low end of safety range 2 
mg/kg; [25]) in 46 % of instances for non-Bt grain and in 26 % of instances for Bt grain. This 
is further borne out in the plot of cumulative percent LRR for the comprehensive data which 
indicate that in 77 % of instances the FB1 concentration in the Bt maize variety is reduced 
relative to the FB1 concentration in the comparable non-Bt maize variety (LRR < 0) (Figure 
4). The data between the different data levels appear to be similarly distributed consistent 
with the abovementioned outcomes of the KS tests between datasets. A confidence interval 
and mean that is significantly different from zero was generated for the unweighted Level 1 
data (LRR = -0.89499, 95% CI [-1.00918, -0.78079]) representing a 59% lowering in mean 
FB1 concentration in Bt maize as compared to the comparable non-Bt control. 
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Figure 3: The independent ranks of FB1 concentrations for Bt maize (orange circles) and 
non-Bt maize (blue triangles) for Level 1 data. The exceedance probability refers to the odds 
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that a particular value of interest is exceeded. In 46% of instances for non-Bt grain the 
recommended level for concern in food for human consumption (2 mg/kg, [25]) is exceeded, 
whereas for Bt grain this level is exceeded only 26% of instances (updated from Delgado and 
Wolt, 2011[26], Appendix E). 
 
Figure 4: Cumulative distribution of LRR for data pairs from 21 publications reporting 
comparable means for FB1 concentrations in Bt vs. non-Bt maize (Appendix E). Published 
data showing means only (  239 data pairs), means with replications (  49 data pairs), and 
means with replications and variance (  156 data pairs).  
Replication-weighted (Level 2) data analysis 
The replication weighted data represent a bridge between the comprehensive (Level 
1) data and those data that were fully amenable to meta-analysis (Level 3 data). The 
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bootstrapping analysis [22] as determined through a stratified sampling regime [24] showed a 
mean effect significantly different from 0 (LRR = -1.0683, 95% CI [-1.0968, -1.0404]) 
representing a 66% lowering in mean FB1 concentration in Bt maize as compared to the 
comparable non-Bt control. This shows an effect on par with that observed for the non-
weighted analysis of the Level 1. It also shows a greater effect than the conventional meta-
analysis done with Level 3 data, suggesting that this bootstrapping method is not as reflective 
of between study effects as is a variance weighted analysis for these data which demonstrate 
high between study variance. 
Meta-analysis for variance-weighted (Level 3) data 
The effects test for the Level 3 data showed a mean LRR significantly different from 
0 (LRR = -0.1487, p = 0.0003, 95% CI [-0.2289, -0.06861]) representing a 14% lowering in 
mean FB1 concentration in Bt maize as compared to the comparable non-Bt control. When 
these data were subjected to bootstrapping analysis as for the Level 2 data, the observed 
effect was a mean that is significantly different from zero (LRR = -1.095, 95% CI [-1.1353, -
1.0607]), showing a greater effect of Bt than the conventional meta-analysis and of a 
magnitude similar to that of the replicated-weighted result, a further indication that the 
bootstrapping method is not as representative of effect size as the conventional meta-analysis 
method for these data sets. Again, this could be due to the small number of data pairs 
available for analysis resulting in less efficient estimates when using this replication method 
of weighting [22]. 
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The mixed model analysis for the variance weighted data, indicated only county to 
have a significant effect on LRR (p = 0.0028, Table 1). This could potentially be a surrogate 
effect explained by the different locations having a variety of environmental conditions 
which affected FB1 occurrence. It has been shown that environmental factors such as 
rainfall, temperature, humidity, location and field conditions can affect the presence of 
mycotoxins like fumonisin [10, 11]. In order to test this hypothesis, county-level location 
data were expressed as latitude and longitude coordinates based on the geographic center of 
counties where studies were conducted, under the assumption that a north-south or east-west 
climatic gradient was present (for instance, key period rainfall, temperature or humidity) that 
could be influencing FB1 occurrence. When effects of longitude or latitude were treated as 
categorical data (binned into 4 intervals for latitude: 32.26-35.84, 37.22-42.03624, 42.03655-
43, and 43.28-43.5; or longitude: -100- -96.72. -93.93- -93.93, -93.47- -92.31, and -90.95- -
76.57) there was no observable effect. Regression of LRR on the continuous data for 
longitude or latitude, similarly showed no trend indicative of a geographic gradient.  
 
 
 
Table 1: Summary of Meta-Analysis Results 
Data Level Mean LRR 95% CI Lower 95% CI Upper Percent 
Decrease 
1 (Unweighted) -0.89499 -1.00918 -0.78079 59% 
2 (Bootstrapping) -1.0683 -1.0968 -1.0404 66% 
3 (Traditional) -0.1487 -0.2289 -0.06861 14% 
3 (Bootstrapping) -1.095 -1.1353 -1.0607 67% 
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a Binned into four equally sized categories across the range of observations. 
 
The significant county effect shown by the analysis is suspected to be a proxy of the 
database composition. Like mentioned earlier, many of the studies were conducted in two 
counties in Iowa (Boone and Story), accounting for over one third of the variance-weighted 
dataset. The varied richness of available data from different locations is likely influencing the 
county effect. While several publications contributed multiple data pairs to the meta-analysis, 
others contributed but a single comparison, leading to uneven weighting for certain locations.  
It is probable that interacting environmental factors (heavy rain season, high pest infestation, 
temperature, etc.) in a particular county could be driving this significant result, but the 
Table 2: Results for the mixed model regression for the variance-weighted (Level 3) data (Appendix 
E). 
 
Factor () Factor 
description 
Numerator DF Denominator 
DF 
F-value P-value 
Protein  Cry1Ab, Cry1F, 
Cry3Bb1, and 
stacked (Vip3Aa) 
3 133 0.53 0.6644 
 
Lepidopteran 
pests collectively 
1 or 0 (Present or 
not present 
respectively) 
1 142 1.91 0.1688 
Artificial pest 
infestation 
ECB, WBC, and 
CEW 
2 70 1.00 0.3738 
Artificial vs 
natural 
infestation 
collectively 
1 or 0 (Present or 
not present 
respectively) 
1 141 0.53 0.4699 
Insecticide 
treated 
1 or 0 (Present or 
not present 
respectively) 
1 141 .14 0.7062 
County Names listed 12 88 2.79 0.0028 
Year 1996-2012 13 118 0.70 0.7633 
Latitudea 32.3667 to 
43.2789 
3 95 0.60 0.6169 
Longitudea 100.737 to -
76.5693 
3 94 1.24 0.2979 
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available data in the publications lack sufficient documentation to these potential underlying 
factors to allow for their evaluation.                                
While the factors implicated in the categorical analysis have frequently been 
associated with FB1 prevalence, field studies have not been successful in elucidation of the 
specific factors involved in a given instance, probably because FB1 occurrence and 
concentration is a consequence of complex interactive factors of genetics, environment, and 
management [11, 27]. Similarly, there is no indication of any one underlying factor effecting 
the meta-result obtained here, which could explain variance in effect size. This may be 
largely to the nature of the underlying data, which limits statistical comparisons for various 
factors, which may affect FB1 occurrence. This could be developed further if researchers 
include more detail regarding the above factors in future studies.  
Uncertainty, sensitivity, and bias in data and outcomes of the meta-analysis 
Presence of underlying bias in the meta-data can result in misleading outcomes for 
the meta-analysis [21] as can uncertainties surrounding data selection and approaches to 
modeling of the meta-effect.  If the publication wise distribution in LRR values are not 
homogeneous, factors other than the crop varietal comparison (Bt vs non-Bt) may be 
affecting the mean fumonisin concentration or if there is significant skew reported results 
bias may be present. Both funnel plots and Q-Q plots generated from the homogeneity test 
showed high variance within publications and studies, but there was no evidence of variance-
weighting of Level 3 outcomes or replication-weighting of Level 2 to unduly bias outcomes 
of the homogeneity test (Appendix B).  Furthermore, the take one out analysis of publications 
contributing to the Level 3 meta-analysis showed that the meta-analysis was not sensitive to 
any one study (Figure 5). And when publications 2 and 5 are removed they show a trend 
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towards a greater lower confidence interval. The forest plot results, however, did not indicate 
anything remarkable for the data pairs associated with these individual publications. Model 
sensitivity was also observed by running the analysis in different programs such as R, SAS 
and OPENMEE where the differing algorithms gave a similar meta-result. Overall, this 
analysis confirmed that the meta-analysis is robust and there is little publication bias. 
 
 
Figure 5: Leave one out analysis means and 95% confidence intervals for publications used 
in the variance-weighted meta-analysis showing the result of the meta-analysis when data 
form an individual publication (1 to 14) is removed. 
 Pellegrino et al. [28], have recently reported a meta-analysis describing wide-ranging 
agronomic, environmental and ecotoxicological effects of genetically engineered maize. This 
meta-analysis included FB concentrations in Bt and non-Bt maize as a factor in their analysis 
comprising 4 publications with 20 observations, as compared to the Level 3 data set reported 
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here comprising 14 publications and 156 paired observations. These authors report an effect 
size representing a 30% reduction in FB1 for Bt maize, as compared to a 14% reduction in 
FB1 from Bt maize for the variance-weighted Level 3 data reported here. A more detailed 
understanding of the difference in outcomes is not possible since the Pellegrino et al. [28] are 
unclear as to the specific data used, the nature of comparisons, whether data were variance 
weighted, and the way their boot-strapping analysis was conducted. The Pellegino et al. [28] 
support our findings of the positive benefit of Bt maize to decrease FB1 concentrations 
regionally over time, and also the effect of data selection and analysis on the effect size 
observed from a meta-analysis. 
Conclusion 
  Meta-effects determinations for three nested populations of data involving paired 
comparisons of FB1 concentrations for Bt vs. non-Bt maize consistently demonstrated mean 
LRR < 0 (i.e., lowered FB1 in the presence of an insect resistance protein). Use of a 
replication-weighted meta-statistic suggested plant protection with insect-resistant Bt protein 
resulted on average in a 66% reduction in FB1 in maize grain. A more statistically robust 
analysis based on a traditional variance-weighted meta-statistic showed a smaller, yet 
significant, effect of plant protection with insect-resistant Bt protein to reduce FB1 in maize 
grain by 14% on average.  There was substantial variation in the effect size for these data 
(LRR for individual data pairs ranged > 7-orders), but this analysis was unable to identify 
additional underlying factors (that is factors other than the effect of Bt) driving the response. 
While wide-ranging effects of environment and agronomic management are understood to 
affect FB1 occurrence in maize, the meta-analysis here can only identify the overriding effect 
of genetics (Bt vs. non-Bt variety). A highly significant effect of locale (county where studies 
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were conducted) was judged to be proxy of uneven data richness (many data pairs from some 
counties and fewer from others in the database) and are likely associated with underlying 
complex interacting environmental factors which cannot be gleaned from the data from this 
systematic review.                            
In future studies considering fumonisin concentrations in Bt and non-Bt maize it 
would be useful for researchers to document more detailed data on relevant factors regarding 
environmental conditions, agronomic management and insect damage to allow for a deeper 
understanding of drivers to FB1 occurrence in maize. Also, it would be useful for researchers 
to routinely report variance estimates with their data, so a more complete analysis can be 
done with the data regarding underlying factors. Overall, this analysis supports long-standing 
observation of the positive effect of Bt maize to reduce the concentration of FB1 in grain, 
resulting in a reduced risk of FB1 occurrence at levels of potential concern for human or 
animal health, and provides quantitative estimates of the size and variance in effect which 
may be anticipated regionally over time. 
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Introduction 
Fusarium verticillioides and Fusarium proliferatum are the primary producers of the 
mycotoxin fumonisin. Fumonisin B1 (FB1) is the prevalent and most toxic form of fumonisin 
under certain conditions of Fusarium infestation of grain, and may occur in grain at 
concentrations sufficient to have hazardous health effects for important livestock and humans 
[1]. As reviewed by Diaz-Gomez et al. [2], a typical way for livestock or humans to be 
exposed to FB1 is consuming maize. In humans, fumonisin is thought to cause immune 
system and metabolism problems. In several species, FB1 is a cancer initiator, but it does not 
actually damage the DNA. In livestock, the main organs that fumonisin effects are the liver 
and the kidneys, and there have been some studies proposing intestinal impacts of fumonisin. 
When horses are exposed to fumonisin at high levels they can experience an illness called 
equine leukoencephalomalacia, which effects the cerebrum. In other livestock, FB1 has 
cardiovascular effects as well as being known to cause pulmonary edema, which eventually 
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results in death [3]. Overall, FB1 is exceptionally toxic and it is not only carcinogenic, but it 
causes a wide range of diseases and symptoms. 
These are several mechanisms of fumonisin toxicity that are known to impact several 
species. One known mechanism of toxicity that fumonisin is the specific disruption of the 
sphingosine(So) recycling process by inhibiting the enzyme ceramide synthase. This causes 
an accumulation of cytotoxic sphinganine(Sa) in cells. This accumulation of Sa in cells is a 
proposed way to test for fumonisin exposure by looking at the ratio of So and Sa in blood and 
urine. Scientists have not yet been able to successfully validate this proposed method of 
detecting exposure to fumonisin [3]. Another mechanism of toxicity of fumonisin as 
reviewed by [3], involves increased permeability of intestinal cells causing ion transport to 
increase in the mucosae in the intestines.  
Maize has been genetically modified to express Bacillus thuringiensis (Bt) genes for 
suppression of lepidopteran pests, specifically damage done by the European corn borer 
(ECB) and the western bean cutworm (WBC) [1]. Maize expressing one or more of the cry 
genes for lepidopteran pest resistance now dominate United States agriculture and were 
grown in 92% of U.S corn and in Iowa corn in the 2016 growing season. With the reduction 
of pest infestation and in plant damage due to insect resistant(IR) maize, fumonisin levels 
have been observed to decrease in maize grain [2]. Several abiotic and biotic factors may 
influence fumonisin levels. Abbas et al. [4], discuss how factors such as water availability, 
temperature, and planting date can affect the concentrations of fumonisin in maize. There 
have been numerous studies that have looked at the relationship between the concentration of 
fumonisin in Bt-maize and non-Bt-maize, but the collective results from those studies have 
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not been comprehensively studied in terms of the overall safety of the maize grain supply 
through fumonisin reduction.   
Lastly, collectively mycotoxin contamination of grain has an impact on the economy. 
As reviewed by Bruns et al. [5], the total amount lost between scientific research, loss of 
crop, and controlling the mycotoxin contamination in just the Unites States is estimated 
between 0.5-1.5 billion U.S dollars each year. Crop loss from fumonisin contamination is a 
problem in stressful weather and environmental conditions such as heat, drought, and pest 
infestation levels [5]. In the United States alone there is approximately 1-20 million U.S 
dollars lost each year from fumonisin contamination. In the years that Fusarium has an 
outbreak the U.S has lost up to 46 million dollars due to lost cereal grain [1]. Overall, 
fumonisin, has a relatively minor impact on the agricultural economy, but due to the toxicity 
of fumonisin it is still important to ensure that it is mitigated as much as possible. Given 
these considerations, greater understanding of the mitigating potential for widespread Bt corn 
production on FB1 occurrence in regional grain supply is an important consideration 
There are two main objectives for this review. First, the systematic review will serve 
as a method of generating a database describing published literature where the effects of Bt 
and non-Bt maize on FB1 concentration in grain are documented. Second, this will allow the 
consideration of how factors of the environment, management, and experimental design 
contribute to the variation in the FB1 concentrations in Bt and non Bt maize grain regionally 
over many years for purposes of designing and conducting a meta-analysis of the published 
data. 
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Methods 
 The eligibility criteria for this systematic review include the following. Mean 
fumonisin concentrations must be present for Bt maize and a comparable non-Bt maize 
variety. The study must present a location and a year. Only field trials will be included in this 
analysis and any studies done in the laboratory will be excluded. This review will accept data 
from any publication year, but will only accept publications in the English language. Lastly, 
the data will be broken down further based on studies reporting means, studies reporting 
means and replications, and studies reporting means, replications, and a variance. 
 A database from literature will need to be formed by using a variety of electronic 
databases such as Google Scholar, ToxNet, Scopus, PubAg, ProQuest/Dissertations, Biosis, 
Pubmed, CABI, and Open grey. The key search term string that will be used is (“Bt” OR 
"Bacillus thuringiensis") AND (“corn” OR “maize” OR "Zea mays" OR “dent corn”) AND 
(“fumonisin” OR “mycotoxin”). This search term string was developed with the assistance of 
a research librarian (Michael Bobb), who also suggested the use of the previously listed 
databases. There will be no limitation selected when searching the databases because all 
available data is wanted. 
 To manage the review, Endnote and Mendeley will be used to archive and time stamp 
data acquisition. The abstracts and articles will be directly imported to one of these 
management applications. As the articles are being screened they will be moved into the 
proper folder during each phase of the screening process. Detailed notes on how many 
articles are kept from each database will be kept in a note book. A flow chart will then be 
created to show how many articles were kept in during each step of the screening process.  
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Kayla Cappelle will be the primary reviewer for this systematic review, but Jeff Wolt 
will be closely assisting to make sure that process is carried out correctly. Cappelle will be 
checking with Wolt periodically to track progress. Data sharing between Cappelle and Wolt 
is via a Box folder.  
For the data collection process Cappelle will be in charge of creating an Excel spread 
sheet that will store all of the calculated mean FB1 concentrations, standard deviations, 
replications, and experimental details (protein type, replications, insecticide treated or not, 
etc.).  
Overall, the criteria that was laid out by Philibert et al. [6] for conducting a proper 
meta-analysis in agronomic studies will be followed. The PRISMA-P checklist [7] for 
protocol development was also consulted, but this checklist is not as well-suited for 
agricultural reviews compared to the Philibert paper [6]. 
The potential for bias in this systematic review will be handled by using primary 
research articles, but also by trying to obtain unpublished data. Cappelle will reach out to 
scientists that have published potentially usable data to attempt to retrieve their raw data. 
This will ideally help reduce publication bias, which occurs when only significant data is 
published, but this type of bias is unavoidable. Funnel plots will be generated to help detect 
publication bias as part of the data analysis process [6]. Lastly, when reviewing the articles, 
the methods and experimental designs of the study will be analyzed. This will help ensure 
that the studies were done consistently for all of the data present in the meta-analysis. If there 
are methods that were used in a particular study that caused outliers, more research on the 
particular methods used will need to be done. 
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 Data collected was entered into an Excel spreadsheet. The FB1 concentrations for Bt 
and non-Bt maize were placed into columns along with their individual standard deviations. 
Experiment replications, protein type, and other experimental design components were 
documented for each study in the document in individual columns. Different versions of the 
Excel document were created periodically throughout the process to ensure that the data was 
saved and updated. 
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APPENDIX B 
HOMOGENITY TEST 
 
Level 3 (Weighted)- 
 
 
 
The funnel plot is displaying 99, 95, and 90 confidence level bounds. There is a small 
percentage of the data that falls out of these confidence levels and the few outliers that are 
there appear to be equally distributed.  
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APPENDIX C 
NORMALITY TESTS FOR LEVEL 1, 2, AND 3 DATA (UNWEIGHTED) 
 
Level 1 Graphs: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Level 1 Skewness and Kurtosis Test 
D’Agostino 
skewness test 
skew= -0.13234 z= -1.15220 p-value= 0.2493 
Anscombe-Glynn 
kurtosis test 
kurt= 3.048 z= 0.37379 p-value= 0.7086 
Jarque-Bera 
normality test 
JB= 1.3386  p-value= 0.5121 
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Level 2 Graphs:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Level 2 Skewness and Kurtosis Test 
D’Agostino 
skewness test 
skew= -0.12240 z= -0.73713 p-value= 0.461 
Anscombe-Glynn 
kurtosis test 
kurt= 2.78180 z= -0.50214 p-value= 0.6156 
Jarque-Bera 
normality test 
JB= 0.91864  p-vale= 0.6317 
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Level 3 Graphs: 
 
 
D’Agostino 
skewness test 
skew= 0.04388 z= 0.233390 p-value= 0.8155 
Anscombe-Glynn 
kurtosis test 
kurt= 3.05690 z= 0.41659 p-value= 0.677 
Jarque-Bera 
normality test 
JB= 0.071096  p-value= 0.9651 
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The figures and tables in APPENDIX C were generated using an online tool that can be 
found here: (https://www.wessa.net/rwasp_fitdistrnorm.wasp and 
https://www.wessa.net/rwasp_skewness_kurtosis.wasp). 
  
55 
APPENDIX D 
FB TOTAL TO FB1 CONVERSION FACTOR CALCULATION 
 
 
 
 
 
Data source:  
 
Abbas, H. K., Cartwright, R. D., Xie, W., & Shier, W. T. (2006). Aflatoxin and fumonisin 
 contamination of corn (maize, Zea mays) hybrids in Arkansas. Crop 
Protection. http://doi.org/10.1016/j.cropro.2005.02.009. 
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APPENDIX E 
 
PUBLICATIONS SELECTED FOR META-ANALYSIS 
 
Note: Values in parenthesis indicate data level that the publication is included in. 
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APPENDIX F 
 
SAS CODE USED FOR DATA ANALYSIS 
 
Level 3 variance-weighted analysis- 
 
options nocenter ls=89 ps=51 pageno=1; 
title 'FB1 Meta Analysis revised'; 
proc import out=work.meta 
datafile='C:\Users\kneff\Desktop\SAS Meta-analysis\mastercopy4.csv' 
dbms=csv replace; 
getnames=yes; 
run; 
data fb1rev; 
set meta (firstobs=1 obs=156); 
Vi = (((btsd)*(btsd)) / ((n)*(bt)*(bt))) + (((nonbtsd)*(nonbtsd)) / 
((n)*(nonbt)*(nonbt))); 
Wi = 1/Vi; 
LRR = log (bt/nonbt); 
IF Protein= Cry1Ab 
  OR Protein= Cry1F 
  OR Protein= Vip3Aa 
THEN Lep=1; 
ELSE Lep=0; 
run; 
run; 
proc print data=fb1rev; 
run; 
proc glm data=fb1rev; weight Wi; 
model LRR =; 
ods output type3=SumS; 
run; 
proc means data=fb1rev alpha=0.05 clm mean std; 
 weight Wi; 
 var LRR; 
 run; 
proc mixed data=fb1rev; weight Wi; 
class Protein; 
model LRR=Protein / s; 
random int / subject = PAPNUM; 
ods output tests3=Protein; 
run; 
proc mixed data=fb1rev; weight Wi; 
class Lep; 
model LRR=Lep / S; 
random int / subject=PAPNUM; 
ods output tests3=Lep; 
run; 
proc mixed data=fb1rev; weight Wi; 
class Pest_infestation; 
model LRR=Pest_infestation / S; 
random int / subject=PAPNUM; 
ods output tests3=Pest_infestation; 
run; 
proc mixed data=fb1rev; weight Wi; 
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class Infeststion; 
model LRR=Infeststion / S; 
random int / subject=PAPNUM; 
ods output tests3=Infeststion; 
run; 
proc mixed data=fb1rev; weight Wi; 
class Insecticidetrt; 
model LRR=Insecticidetrt / S; 
random int / subject=PAPNUM; 
ods output tests3=Insecticidetrt; 
run; 
proc mixed data=fb1rev; weight Wi; 
class County; 
model LRR=County / S; 
random int / subject=PAPNUM; 
ods output tests3=County; 
run; 
proc mixed data=fb1rev; weight Wi; 
class Year; 
model LRR=Year / S; 
random int / subject=PAPNUM; 
ods output tests3=Year; 
run; 
proc mixed data=fb1rev; weight Wi; 
class Lat2; 
model LRR=Lat2 / S; 
random int / subject=PAPNUM; 
ods output tests3=Lat2; 
run; 
proc mixed data=fb1rev; weight Wi; 
class Long2; 
model LRR=Long2 / S; 
random int / subject=PAPNUM; 
ods output tests3=Long2; 
run; 
data Ftests1; 
set Protein Lep Pest_infestation Infeststion Insecticidetrt County Year 
Lat2 Long2; 
ods listing; 
proc print data=Ftests1; var Effect NumDf DenDf FValue ProbF; run; 
 
Level 3 bootstrap analysis- 
 
options nocenter ls=89 ps=51 pageno=1; 
title 'Bootstrap Example'; 
 
proc import out=work.sample 
datafile='C:\Users\kneff\Desktop\SAS Meta-analysis\VWbootstrap.csv' 
dbms=csv replace;  
getnames=yes; 
run; 
proc print data=sample; run; 
/* 1. a. Summary statistics with no weighting */ 
proc means data=sample nolabels alpha=0.05 clm mean std skew; var LRR;  
run; 
/* 1. b. Weighted means */ 
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proc means data=sample nolabels alpha=0.05 clm mean; weight wrep; var LRR; 
run; 
 
%let NumSamples = 156;       /* number of bootstrap resamples */ 
 
/* 2. Generate many bootstrap samples */ 
 
proc surveyselect data=sample NOPRINT seed=1 
     out=BootSSFreq(rename=(Replicate=SampleID)) 
     method=urs              /* resample with replacement */ 
  sampsize=156 
     reps=&NumSamples;      /* generate NumSamples bootstrap resamples */ 
     strata group / alloc=(.071 .143 .299 .287 .173 .012 .015); 
run; 
Proc Sort data=BootSSFreq; By SampleID; 
run; 
Proc Print data=BootSSFreq; 
run; 
 
/* 3. Compute the statistic for each bootstrap sample */ 
 
proc means data=BootSSFreq noprint; 
   by SampleID; 
   freq NumberHits; 
   var LRR; 
   output out=OutStats mean=weightedLRR;  /* approx sampling distribution 
*/ 
run; 
title "Bootstrap Distribution"; 
%let Est = -1.09; 
proc sgplot data=OutStats; 
   label WeightedLRR= ; 
   histogram WeightedLRR; 
 
/* Optional: draw reference line at observed value and draw 95% CI */ 
   refline &Est / axis=x lineattrs=(color=red)  
                  name="Est" legendlabel="Observed Statistic = &Est"; 
   refline -1.278 -0.904  / axis=x lineattrs=(color=blue)  
                  name="CI" legendlabel="95% CI"; 
   keylegend "Est" "CI"; 
run; 
proc means data=OutStats nolabels N Mean StdDev; 
   var weightedLRR; 
run; 
 
/* 4. Use approx sampling distribution to make statistical inferences */ 
proc univariate data=OutStats noprint; 
   var weightedLRR; 
   output out=Pctl pctlpre =CI95_ 
          pctlpts =2.5  97.5       /* compute 95% bootstrap confidence 
interval */ 
          pctlname=Lower Upper; 
run; 
proc print data=Pctl noobs; run; 
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Level 2 bootstrap analysis- 
 
options nocenter ls=89 ps=51 pageno=1; 
title 'Bootstrap Example'; 
 
proc import out=work.sample 
datafile='C:\Users\kneff\Desktop\SAS Meta-analysis\repweighted2.csv' 
dbms=csv replace;  
getnames=yes; 
run; 
proc print data=sample; run; 
/* 1. a. Summary statistics with no weighting */ 
proc means data=sample nolabels alpha=0.05 clm mean std skew; var LRR;  
run; 
/* 1. b. Weighted means */ 
proc means data=sample nolabels alpha=0.05 clm mean; weight wrep; var LRR; 
run; 
 
%let NumSamples = 205;       /* number of bootstrap resamples */ 
 
/* 2. Generate many bootstrap samples */ 
 
proc surveyselect data=sample NOPRINT seed=1 
     out=BootSSFreq(rename=(Replicate=SampleID)) 
     method=urs              /* resample with replacement */ 
  sampsize=205 
     reps=&NumSamples;      /* generate NumSamples bootstrap resamples */ 
     strata group / alloc=(.085 .178 .149 .19 .208 .174 .016); 
run; 
Proc Sort data=BootSSFreq; By SampleID; 
run; 
Proc Print data=BootSSFreq; 
run; 
 
/* 3. Compute the statistic for each bootstrap sample */ 
 
proc means data=BootSSFreq noprint; 
   by SampleID; 
   freq NumberHits; 
   var LRR; 
   output out=OutStats mean=weightedLRR;  /* approx sampling distribution 
*/ 
run; 
title "Bootstrap Distribution"; 
%let Est = -1.09; 
proc sgplot data=OutStats; 
   label WeightedLRR= ; 
   histogram WeightedLRR; 
 
/* Optional: draw reference line at observed value and draw 95% CI */ 
   refline &Est / axis=x lineattrs=(color=red)  
                  name="Est" legendlabel="Observed Statistic = &Est"; 
   refline -1.278 -0.904  / axis=x lineattrs=(color=blue)  
                  name="CI" legendlabel="95% CI"; 
   keylegend "Est" "CI"; 
run; 
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proc means data=OutStats nolabels N Mean StdDev; 
   var weightedLRR; 
run; 
 
/* 4. Use approx sampling distribution to make statistical inferences */ 
proc univariate data=OutStats noprint; 
   var weightedLRR; 
   output out=Pctl pctlpre =CI95_ 
          pctlpts =2.5  97.5       /* compute 95% bootstrap confidence 
interval */ 
          pctlname=Lower Upper; 
run; 
proc print data=Pctl noobs; run; 
 
Level 1 data analysis- 
 
options nocenter ls=89 ps=51 pageno=1; 
title 'Level 1 data analysis'; 
proc import out=work.meta 
datafile='C:\Users\kneff\Desktop\SAS Meta-analysis\level1.csv' dbms=csv 
replace; 
getnames=yes; 
run; 
data level1; 
set meta (firstobs=1 obs=444); 
LRR = log (bt/nonbt); 
 
proc print data=level1; 
run; 
proc glm data=level1; weight Wi; 
model LRR =; 
ods output type3=SumS; 
run; 
proc means data=level1 alpha=0.05 clm mean std; 
 var LRR; 
 run; 
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APPENDIX G 
 
LEVEL 1, 2, AND 3 DATABASES 
 
Level 1 data- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level l data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 1 data continued- 
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Level 2 data- 
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Level 2 data continued- 
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Level 2 data continued- 
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Level 2 data continued- 
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Level 2 data continued- 
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Level 3 data- 
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Level 3 data continued-  
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Level 3 data continued- 
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